Abstract Repeated applications of composted tannery sludge to arable soils have the potential to greatly alter soil chemistry and thus potentially influence the soil microbial community over time. This study performed multivariate analyses using the data of soil microbial biomass, respiration, and enzymes activities obtained during 5 years
Introduction
Tannery sludge (TS), which is generated during the process of leather tanning, consists of a high amounts of organic matter, chromium (Cr), salts, and carbonates (Santos et al. 2011) . Proposed uses of tannery sludge include use as a soil nutrient additive owing to its high organic content (Singh and Agrawal 2008) . However, there remain concerns regarding high concentrations of Cr, carbonates, and salts that have the potential to adversely affect soil quality and chemistry (Patel and Patra 2014) .
Soil processes are mediated by microbial properties which act on organic matter decomposition and nutrient cycling (Kennedy and Smith 1995) . Also, the microbial communities respond quickly to environmental changes caused by waste amendments (Kelly et al. 2011; Santos et al. 2011; Singh et al. 2011) . Thus, soil microbial properties can serve as suitable indicators of anthropogenic disturbances, such as TS (Nakatani et al. 2011 ) and sewage sludge amendment (Singh et al. 2011) .
Recently, composting has been recognized as an alternative method to TS detoxification before soil application (Santos et al. 2011; Silva et al. 2014) . In addition, the process of composting converts, by microbial action, plant nutrients present in the waste into soluble forms, available to plants (Ndegwa and Thompson 2001) . Therefore, studies focusing on TS composting were performed aiming to evaluate the amendment of composted tannery sludge (CTS) on soil microbial properties in long term (Santos et al. 2011; Gonçalves et al. 2014; Silva et al. 2014; Araújo et al. 2015) . These studies have shown that the annual application of CTS changed the soil microbial biomass, respiration, and enzymes activity (Santos et al. 2011; Gonçalves et al. 2014; Silva et al. 2014; Araújo et al. 2015) , and increased the soil organic C, pH, salinity, and Cr content (Araújo et al. 2013; Araújo et al. 2016) . Similarly, Singh and Agrawal (2010) reported that the amendment of sewage sludge also increased the values of soil organic C, pH, electric conductivity, and metals in soil.
Although CTS amendment has the potential to alter soil microbial characteristics, it is unknown the pattern of microbial responses in long term, and how the chemistry of the CTS materials could be influencing soil microbial characteristics over time. Therefore, multivariate analysis has been strongly indicated to evaluate changes or patterns in soil microbial properties due to treatment and time effects (Spedding et al. 2004 ). The analysis of similarity (ANOSIM) has been used to evaluate a dissimilarity matrix rather than raw data and aligns to the non-metric multidimensional scaling (NMDS) procedure (Clarke 1993) . On the other hand, BIOENV analysis allows the exploration of environmental variables that best correlate to biological properties and defines an optimal subset of environmental variables which explains the biotic structure (Clarke and Warwick 1994) . These tests are complementary approaches in evaluating nonparametric multivariate data. In this way, this study analyzed, through multivariate analyses (NMDS, ANOSIM, and BIOENV), the data of soil microbial properties obtained during 5 years (2010) (2011) (2012) (2013) (2014) in a long-term experiment with CTS amendment. The experiments were performed, during 2010-2014, at the Long-Term Experimental Field of the Agricultural Science Center, located at the city of Teresina, Piauí, Brazil.
Materials and methods
The experiments were performed at the Long-Term Experimental Field of the Agricultural Science Center, Teresina, Piauí, Brazil (05°05S; 42°48 0 W, 75 m). The regional climate is tropical and dry (Köppen) characterized by two distinct seasons: (1) a rainy summer and (2) a dry winter, with average annual temperatures of 30°C and rainfall of 1200 mm. The rainy season extends from January to April, during which 90% of the total annual rainfall occurs. The soil is classified as a Fluvisol with the following granulometric fractions at 0-20-cm depth: 10% clay, 28% silt, and 62% sand.
CTS used during 2010-2014 was produced by mixing TS with sugarcane straw and cattle manure (ratio 1:3:1; v:v:v) during 85 days. The main characteristics of CTS during 2010-2014 are described in Table 1 (Araújo et al. 2015) . CTS was applied during 2010-2014 in five rates: 0 (without CTS application), 2.5, 5, 10, and 20 t ha -1 of CTS (dry basis). The experimental site was arranged in a completely random design with four replicates. For additional details of the experiment, in each year, see Gonçalves et al. (2014) , Silva et al. (2014) , and Araújo et al. (2015) .
The soil microbial and chemical properties (0-20 cm depth, 60 days after CTS amendment in each year) evaluated in the experiments, from 2010 to 2014, were: microbial biomass C (MBC) and N (MBN), MBC/MBN ratio, substrate-induced respiration (SIR), basal respiration (BR), respiratory quotient (qCO 2 ), fluorescein diacetate hydrolysis (FDA), and dehydrogenase activity (DHA) (Alef and Nannipieri 1995) ; soil pH, electric conductivity (EC), phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg) (Tedesco et al. 1995) , total organic C (TOC) (Yeomans and Bremner 1998) , and total Cr concentration (USEPA 1996) . The detailed methods used in these experiments can be found in Araújo et al. (2015) .
The data derived from these experiments were tested for normality prior to multivariate analysis. We used a nonmetric multidimensional scaling (NMDS) analysis of the coefficient of similarity of Bray-Curtis. Analysis of similarity (ANOSIM) was used to test for significant differences between treatments (CTS rates). An ANOSIM R statistic was generated based on comparison of rank similarity within and among groups of samples, and significance of the group dissimilarity was based on permutation tests. An R value of 1 indicates complete dissimilarity among groups, and R = 0 indicates a high degree of similarity. The relationships between the microbial and chemical properties of the soil were evaluated by the analysis of similarity matrices (BIOENV) (Clarke and Warwick 1994) . This analysis selects chemical variables which best explain the response of soil microbial properties after CTS amendment, by maximizing the correlation between their respective similarity matrices with the application of a weighted Spearman's correlation coefficient (Clarke and Warwick 1994) . All analyses of NMDS, ANOSIM and BIOENV procedure were performed using the Primer 6.0 (Clarke and Gorley 2006) . 
Results and discussion
The soil microbial properties exhibited differential responses with CTS amendment over 5 years (Figs. 1, 2) . From 2010 to 2014, the MBC, MBN, and MBC/TOC ratio decreased in all treatments with CTS as compared with unamended soil (Fig. 1) . The substrate-induced respiration (SIR) increased with 5 Mg ha -1 and decreased with 20 Mg ha -1 (Fig. 1) . The basal respiration (BR) and qCO 2 increased with CTS amendment as compared with unamended soil (Fig. 2) . DHA activity did not change for the treatments of 0-10 Mg ha -1 , but decreased with the amendment of 20 Mg ha -1 . In contrast, FDA hydrolysis increased in all treatments from 2010 to 2014 (Fig. 2) .
As shown in Table 2 , repeated amendment of CTS changed the soil chemical properties significantly with increase in soil pH, salinity, and Cr accumulation, which may be harmful to soil microbial processes (Ben Achiba et al. 2009 ). However, previous studies regarding the use of composted wastes (e.g., municipal solid waste and sewage sludge) have reported positive effect on microbial biomass and enzymatic activity in the long term (García-Gil et al. 2000; Bouzaiane et al. 2007; Scherer et al. 2011 ). On the contrary, the results found in this study indicated that microbial biomass decreased with CTS amendment across the years, and it may be related to the above-mentioned soil chemical changes.
Interestingly, soil enzymes exhibited a different pattern with CTS amendment over the 5-year time period. DHA activity was negatively influenced by CTS amendment, and it may have occurred due to the accumulation of Cr since this enzyme is highly sensitive to Cr contamination (Huang et al. 2009 ). Also, it may be associated with the reduction on microbial biomass since this enzyme exists within living cells. In contrast, FDA hydrolysis activity increased significantly with CTS amendment over time, and it can be explained by the characteristics of FDA hydrolysis: (a) FDA hydrolysis activity is not specific to SMB as other organisms (e.g., algae and protozoa) can also release this group of enzymes (Pereira et al. 2004) ; and (b) as a group of enzymes (Taylor et al. 2002) , FDA hydrolysis represents an exocellular activity and can be found bound to soil colloid and organic matter (Swisher and Carroll 1980) . It means that FDA presents higher resistance in soil due to the protective effect of organic matter on the formation of organic enzyme complexes (Chaer et al. 2009 ).
The ANOSIM for the soil microbial properties showed that all treatments were significantly different ( Table 3 ), indicating that each CTS rate resulted in a differential effect on soil microbial properties. The R values varied between the pairwise treatments over time (Table 3 ). In the first year, the treatments without CTS application (0 t ha -1 ) and with 2.5 t ha -1 CTS showed low dissimilarity with R values lower than 1, while that the comparison between 0 and 20 t ha -1 (highest CTS rate) showed a high dissimilarity. These results suggest that, initially, the lowest CTS rate did not influence greatly the soil microbial biomass, respiration, and enzymes activity. On the other hand, the results showed that, in the last 3 years, the application of CTS has changed the content of microbial biomass, respiration rates, and enzymes activity. The global R values increased from 0.863 to 0.962 at 2010 and 2014, and it indicates an increase in the dissimilarity between the treatments. It means that, over time, the treatments were different between them and, more importantly, the application of CTS changed adversely the soil microbial properties. These changes in microbial biomass, respiration, and enzymes can be associated with the changes in the soil chemical properties after CTS application. As shown in Table 1 , CTS presents high alkalinity and organic C, Ca, Na, and Cr content. Therefore, application of CTS increased, over time, the content of these elements in the soil. In fact, the correlation between the soil microbial variables and chemical properties, via BIOENV, revealed TOC, Cr, Ca, EC, and pH as the main variables influencing the soil microbial properties. Initially, TOC, Cr, and Ca influenced the microbial properties (Table 4) . However, Ca (correlation coefficient of 0. 733 and 0.793, in 2010 and 2011, respectively) showed to be the most important single factor influencing the microbial properties. At the 2012, 2013, and 2014, TOC, Cr, EC, and pH were the combined variables controlling the microbial properties. However, in these last 3 years Cr (correlation coefficient of 0. 824, 0.704, and 0.722 in 2012, 2013, and 2014, respectively) was the most important chemical variables driving the microbial properties (Table 4) .
According to the analysis of similarity matrices BIOENV, Ca was the single variable that initially influenced the microbial properties in the soils amended with CTS. In this long-term experiment, the results showed an increase in Ca content in soil after CTS amendment (Araújo et al. 2016) and it influenced negatively the soil microbial biomass due to the lower bioavailability of organic matter to soil microbial processes promoted by the high Ca content (Rosenberg et al. 2003) . Therefore, Ca acts indirectly on soil microorganisms inhibiting their access to the bioavailable fraction of the organic matter via chemical binding with its labile structures (Whittinghill and Hobbie 2012) . These results are in agreement with Aoyama et al. (2006) , who reported that Ca was the major factor affecting soil microbial properties with composted lime-treated sewage sludge.
Cr was also the single variable that significantly influenced the soil microbial biomass because of its strong accumulation from 2010 to 2014 (Araújo et al. 2016) . It indicates that the application of CTS increased Cr bioavailability and adversely affected the soil microbial biomass, respiration, and enzymes activity. According to Ackerley et al. (2006) , Cr compounds are strong oxidizing agents and permeate the microbial cellular membranes through surface anionic transport systems, so resulting in extensive cellular oxidative stress and DNA damage. These results are in contrast with those of Nakatani et al. (2011) , who evaluated TS amendment over 2 years and did not find a negative effect on the soil microbial community with a concentration of 27 mg kg -1 Cr in the soil. However, the Cr content found in our study (59.5 mg kg -1 with 10 Mg ha -1 CTS; Araújo et al. 2016 ) was twice as high as that reported by Nakatani et al. (2011) ; thus, Cr directly affected the soil microbial properties in our experiment. Similarly, Onweremadu and Nwufo (2009) observed significant reduction of microbial biomass (41%) and respiration (17%) in soil with 100 mg Cr kg -1 and suggested that high concentration of Cr concentration in soil is inhibitory to accumulation of microbial biomass C.
The non-metric multidimensional scaling (NMDS) demonstrated that the soil microbial properties changed with CTS application from 2010 to 2014 (Fig. 3) . At the first year of CTS application, the separation of treatments was not well-defined and clustered over three main groups (0; 2.5 and 5; 10 and 20). From the second to the third year, there were three main groups (0 and 2.5; 5 and 10; 20). At the fourth year, the treatments were clustered over four groups (0; 2.5; 5 and 10; 20) , and, at the fifth year, all treatments were clearly separated and indicated that each one was comprised of different characteristics influencing the microbial properties of the soil.
The analysis of NMDS was used to find relationship between the soil microbial properties and the CTS rates over time. This method produces an ordination based on a dissimilarity matrix, i.e., it represents the pairwise dissimilarity between treatments (Clarke 1993) . Thus, the results revealed that there was a clear dissimilarity between the treatments. In the initial period of CTS amendment, the dissimilarity between the rates was relatively small and consisted of three main groups with the lowest and highest CTS rates. However, in the last 2 years, the effect of CTS was more evident, separating each treatment from the others. It means that soil microbial biomass, respiration, and enzymes activity were strongly influenced by CTS rates, changing their values over time. In addition, the NMDS demonstrated that the dissimilarity in the microbial properties was more pronounced between the unamended soil and the highest CTS rates. These results suggest that the contrasting soil chemical properties promoted by different CTS rates influenced negatively the soil microbial properties over time. The consequence of changes in the microbial status after repeated applications of CTS is the inability of the soil microorganisms to properly play their functions in the environment and improve the soil quality.
Conclusion
In conclusion, multivariate analysis from soil microbial data with CTS amendment, during 5 years, showed that chemical variables influence the soil microbial properties. In this study, calcium and chromium were, specifically, the most significant variables influencing the soil microbial biomass, respiration, and enzymes activity in CTS-treated soil.
